In this paper we propose a technique to reduce cogging force in linear motors by decomposing it into harmonics, finding design criteria for each component of the cogging force, and applying these different criteria to the design of the motor. The hypothesis of this approach is that single actions for reducing the cogging harmonics can be added up to reduce the whole cogging force, hence, not considering cogging force as a whole. In order to validate this technique, we present the analysis of cogging force in a Permanent magnet linear motor. Through analytical and FEM analysis of the different harmonics we present some very simple single actions to minimize radically cogging force. All this actions and the proposed technique are then validated with real tests of static cogging force with different prototypes.
Introduction
Cogging Force is a static force present in Permanent Magnet Machines, which is dependent on the position of the drive. It can compromise the position accuracy and induce speed ripples, which may cause oscillations and instabilities, and can be particularly troublesome at low speeds. There are two ways of dealing with cogging. The first way is studying the source of the problem and counteracting it with an appropriate geometrical design (5) . The second way is trying to minimize the effects of cogging with a control algorithm (1) . However, a good geometrical design for minimizing cogging implies that the control algorithm can be simpler, faster and it can also use the electrical source power to produce useful mechanical power instead of having to utilize a part of it to counteract the nonlinearities introduced by cogging. There is a wide bibliography about reducing cogging torque in rotary machines (3) , and about reducing cogging force in special types of linear machines. However, these solutions are normally global, which means that cogging force is analyzed as if it were a whole.
In this paper a new technique for analyzing cogging is proposed, where cogging is treated as a superposition of different problems with their different solutions. The technique is used to redesign a Permanent Magnet Linear Synchronous Machine (PMLSM) prototype.
Experimental
All the experiments were performed with the prototype of Fig. 1 , whose main parameters are specified in Table 1 . Fig . 1 shows the experimental set up to measure the cogging force generated by the interaction between the magnets (THYSSEN SmCo 180/120) of the secondary part and the armature of the primary part of the motor. The motor is immobilized using a a loading cell (INTERFACE SM-1000N with sensitivity 0.005 V/N and range of 0-1000N) fixed to a screw with a crank. First the cogging force is read with the loading cell. Then the crank is rotated one turn, pushing the screw, loading cell and motor 0.6 mm. At this new position a new reading of the force is measured. This procedure is repeated all along the secondary track in order to get the whole map of cogging forces, depending on the position of the primary.
Tests and Discussion
In order to find out the importance and extent of cogging forces in the usual operation of PMLSMs, we have performed two tests with it. In both we measured the static force in the primary part of the motor at different positions along the track, as explained in the previous section. In the first case without electrical power (only cogging force) and in the second case powering the motor with 220 V 3-phase sinusoidal voltages with I = 1.5 A. As it can be seen in the results plotted in Fig. 2 , the cogging force is 12% of the total force produced by the machine in the tests. Initially we tried to find out the optimal size of the magnets in order to minimize cogging, by simulating with a FEM program (Cosmos) the cogging force along the track for different widths of magnets along the secondary part. Fig. 3 shows the results of these simulations along two pole pitches, since the curves were found to be periodical with Period = τ being τ the pole pitch. The curves were Fourier analyzed and the modules of the harmonics are presented in Table 2 . In all cases there is a great difference between the values of the first and third harmonics with the rest of the harmonics. Thus, if the harmonics with small amplitude are neglected, it can be assumed that cogging force is composed by the first and third harmonics. By identifying the periodicity of the 1st and 3rd harmonics with geometrical measures of the motor, we suggest only two the main causes of the cogging force. The first harmonic has the same periodicity as the pole pitch. Thus, It can be inferred that the main principle involved in this harmonic force is the attraction between the ends of the machine and the magnets, since the teeth of the primary have a different periodicity, Fig. 4(a) . The third harmonic has the same periodicity as the slot pitch. Therefore this force is produced by the interaction of the teeth of the primary with the magnets of the secondary, as it happens in rotary machines, Fig. 4(b) .
The technique that we propose here considers Cogging force as a superposition of independent cogging harmonics, Fig. 4 . This independency is based in the assumption that since the air gap is typically large in linear machines, the magnetic saturation on the teeth of the primary can be neglected. Therefore, each harmonic has its own source and its own solution for minimizing it. In the first case, the core is slotted, and it has an unlimited length. In the second case, slots are neglected and a finite solid core is considered. Specific actions are then focused on each problem separately, and the superposition of their effects are then evaluated.
Reduction of the Third Harmonic of Cogging
Here we focused on reducing the effects due to the interaction between the teeth of the primary and the magnets. Therefore, no end effects are considered (Fig. 4(b) ), and the problem is treated as if it were a rotary machine. The first action in order to reduce cogging is defining the optimal magnet width. In Fig. 5 the results of Table 2 for the different magnet widths simulated are plotted. It can be seen that the magnets with 37 mm width minimize the third harmonic. (τ = 49 mm), and don't affect the others. We found through FEM simulations and demonstrated empirically that,
with b magnet width and τ s slot pitch, minimizes the third harmonic of cogging. The second action after the optimal width of the permanent magnets has been found, is skewing the magnets a slot pitch in order to diminish the third harmonic. Fig. 6 shows the Cogging force measured with Fig. 10) and without skewing. Though both curves are similar, there are some differences in the shape, which are easier to evaluate through the Fourier series approach. Table 3 shows the third harmonic improvement of the cogging force tested on the prototype.
Reduction of of the First Harmonic of Cogging
In this sub-problem we only consider the effect of the ends, neglecting completely the slots. Thus, the problem is reduced to that of a solid iron core without teeth, interacting with the magnets along the track, Fig. 7 . The main forces are then due exclusively to both ends of the core. The linear machine is equivalent to a solid iron core of the same length, but with at a different airgap, to take into account the mean permeability due to the teeth and slots. In order to have the very same machine, the airgap of the Equivalent Solid Iron Core (ESIC) must be known. After running several FEM simulations a solid iron core with a = airgap + 1 mm was found to have the same cogging wave as the first harmonic of the cogging wave of the prototype.
The first action in order to reduce the first harmonic is finding out how much the solid iron core must be elongated so that the forces at both ends of the primary cancel each other. The total cogging force can be formulated Fig. 8, as   Fig. 7 . If the effects of the slots are neglected, the motor is equivalent to a solid iron core placed an airgap 'a'. This different airgap takes into account the lower permeability due to the air in the slots in the motor compared to solid iron 
with |A| module of the force at each end, τ pole pitch, l distance between both ends of the machine (see Fig. 7 ). The aim is modifying the length of the machine, so that the end forces cancel each other despite the position:
therefore the optimal length must be
The second action is similar to that of the previous section.
Since the ends of the linear machine are assumed to be the only cause for the first harmonic of cogging, skewing the ends, Fig. 9 , reduces the first harmonic and doesn't affect the thrust that the linear machine is able to develop. 
Results
All the design considerations presented in the previous section have been applied to the prototype of PMLSM. in order to evaluate their efficiency. Fig. 10 presents the different designs, all of them with already the design considerations for reducing the 3 rd harmonic: 37 mm width magnets (eq. 1), skewed τ s , one slot pitch. Fig. 10(a) shows a standard primary. In Fig. 10(b) , the primary has some rectangled-shaped apppendixes at both ends, in order to reach the optimal length Fig. 10(c) , the primary has also two appendixes skewed τ, one pole pitch, but without the optimal length. Finally in Fig. 10(d) , the appendixes at the ends of the primary have the optimal length and are also skewed τ. Fig. 11 shows the cogging force tested in the different configurations of primaries from Fig. 10 . It can be seen that the configuration (d) with skewed ends, and optimal length have the smoothest wave. Table 3 shows the harmonics of the cogging force for the cases of Figure 10 for reducing the 1 st harmonic, as well as the configurations for reducing the 3 rd : nonoptimal magnet width (49 mm) without skewing and optimal magnet width (37 mm) without skewing. The case (a) from Figure 10 is with optimal width with skewed magnets. The results of Table 3 show the great improvement in reducing cogging just by design. From the first configuration, 49 mm to the last one, with 37 mm width skewed magnets, with appendixes in both ends of the primary reaching the optimal length and skewed a pole pitch, the 1 st harmonic gets down from 25.69 down to 3.17, and the 3 rd from 58.99 down to 0.72.
Conclusions
It can be concluded that the technique proposed is valid for studying cogging in linear machines. It must be also highlighted that through the proposed approach, some very easy-to-implement rules have been found for the design of PMLSM with minimized cogging.
